The polymerase chain reaction (PCR) is one of the most rapidly expanding methods in molecular biology. Although the range of applications of PCR is very broad, the key points for successful performance remain the careful selection of optimal primers and the proper determination of the temperature conditions of the reaction. The program presented here, 'Primer Master', has been developed to assist in solving these problems for two major types of PCR: the amplification of the appropriate fragments of several related, but not identical, sequences and the specific amplification of a certain fragment of only one nucleotide sequence where amplification of any other sequence needs to be prevented. Unlike other programs developed for the design of PCR primers, 'Primer Master' undertakes an automatic search and selection of the optimal primers and primer pairs for both types of reaction.
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The wide applicability of'Primer Master' is determined by two main automatic search regimes: 'Universal' and 'Specific'. The 'Universal' regime searches and selects primers and primer pairs which amplify the designated fragments of all required sequences (consensus primers) and allows a 'combined search', where the universal primers for a particular group of sequences must not amplify any sequence from another group. The number of sequences allowed is 2 to 100, with a maximum length of 65 000 nucleotides. The 'Specific' regime is designed to select the primers and primer pairs which amplify the fragment of a specific nucleotide sequence from all those the user wishes to consider. The total number of sequences to be tested is unlimited, and sequences up to 32000 nucleotides in length are allowed.
'Primer Master' also incorporates a number of special features designed to overcome problems common to PCR. Within the 'Specific' regime it may be necessary to find primers from one of several related sequences. However, if the sequences span different positions then there is the risk that the primers chosen may include regions absent from E-mail' vitali.proutskt@ zoology.oxford.ac.uk some sequences. To account for this possibility the program approximately aligns the sequences and then only considers sites represented in all sequences. Another commonly encountered problem is where the primers (sense and anti-sense) are positioned very close to each other in the sequence so that no pair can be formed. To overcome this the program divides the sequences into parts and then searches for the best primers within each part. This also greatly accelerates the program's performance. In addition, the program allows the selection of primers which will amplify certain fragments of a sequence or the appropriate fragments of all given sequences (consensus primers). It is also possible to define up to 20 sites on the sequence(s) where the search is desirable.
The most critical feature of any primer, and an important element in the design of 'Primer Master', is the ability for reliable binding and extension at the proper site of the target sequence(s) and, at the same time, the lack of primer-template binding at any other site of the target or any other sequence. Although complementarity criteria are used in the first step of the analysis to discard unsuitable primers (for example, those corresponding to directly repeated sequences), a distinguishing feature of 'Primer Master' is that more attention is paid to energetic criteria as these allow for the quantitative estimation of primer specificity and therefore guarantee greater accuracy.
The use of energetic criteria is based on the assumption that the primer interacts randomly with any site of the template and that the probability and reliability of primertemplate binding depend primarily on the thermodynamic stability of the duplex formed. Stability is estimated using the nearest-neighbour method where the primer-template DNA duplex is thermodynamically considered to be the sum of the stacking interactions of neighbouring bases (Breslauer et al., 1986 ). The energy value of a primer's binding with its specific site is considered to be the energetic maximum for this primer. For consensus primers, the mean binding energy of the primer with the appropriate sites of all sequences is taken as the energetic maximum. This allows us to consider both the destabilising influence of any partial uncomplementarity between the primer and the corresponding site of some sequence(s), and the probability of this uncomplementarity for a given set of sequences.
V.Proatski and E.C.Holmes
As well as the energetic maximum, the energy of primer-template binding in all sequences for any site where the primer can be extended is also estimated. Furthermore, all possible conformations of the primer-template duplex, including internal, small bulge and asymmetric loops as well as dangling ends (Patel et al., 1982c; Senior et al., 1988) are considered. The highest value observed during this search is stored as the energetic sub-maximum of the primer. The primers having the highest energetic maximum (that is, those forming the most stable duplex with the specific sites of the sequences) and with the greatest difference between the maximum and sub-maximum (the lowest probability of the false-priming) are then selected as the optimal ones.
The parameters of the base stacking used are those of Breslauer (Breslauer et al. 1986 ) since they provide the best fit with the experimental data for short internal loops (Patel et at., 1982a; Vesnaver et al., 1989; Kalnik et al., 1988) and bulge loops (Patel et ah, 1982b; LeBlanc and Morden, 1991) . The annealing temperatures of primers are calculated by the nearest-neighbour method using the data of Blake and Delcourt (1991) and modified by taking into account the nucleation constant (Naritsin and Lyubchenko, 1988) .
Generally, the automatic search of optimal primers is performed in the following way. First, all candidate primers which have the following properties are selected:
(i) They contain no sequence repeat structure (e.g. actgactgactgactg). ii) They contain no large G + C rich regions and no stretched repeats of the same nucleotides (e.g. cgtacl II 1 1 Tcgata). (iii) They are free of hairpins, (iv) They cannot form dimers. (v) Their annealing temperature is within the limits set by the user (in the range 35-73°C).
The next step is the search for local homology. Consensus primers are also formed at this step: the ambiguous nucleotides are replaced by those most frequent in this position in all sequences. The local homology search quickly reveals the conservative and variable sites of sequences without having to produce a sequence alignment. The program then selects the energetically optimal primers according to the principles described above. Finally, the optimal primer pairs are formed. To share one pair the primers must meet the following criteria:
(i) The difference between the annealing temperatures of both primers is no more than the value set by the user. Another important feature of'Primer Master' is that it allows the manual analysis of candidate primer oligonucleotides using the 'Primer_test' option. This analysis incorporates the following functions which may be performed on an unlimited number of sequences:
(i) An overall and/or continuous homology search which takes into account insertions and deletions. (ii) An overall and/or 3' terminus complementarity search. (iii) A search for the energetically most preferable sites of the sequences for primer binding (the number of the sites is set by the user). (iv) An analysis of the melting temperature, molecular weight and capability of hairpin formation of candidate oligonucleotides.
All results obtained from the program are stored in ASCII output files. These and any other files can be viewed by means of a built-in viewer.
In conclusion, 'Primer Master' is a helpful tool for any PCR user, incorporating the most frequently used variants of PCR and allowing large amounts of data to be handled. The program is written in Turbo-C (version 2.0) for DOS and may be used on any IBM-compatible computer. It is available via anonymous ftp from ftp.ebi.ac.uk in the directory /pub/software/dos/primer-master.
